Ligation of CD40 by CD4 T cells through CD154 is key both to germinal centre induction and follicular T-dependent Ig class switching, but its requirement for aspects of T cell priming and extrafollicular antibody responses is less clear. Here comparison of the T helper (Th) type 2 response in lymph nodes from wild-type mice and CD154-deficient mice after immunization with alum-precipitated antigen reveals selective effects of this immunodeficiency. The timing and magnitude of the early interleukin (IL)-4 induction and proliferation in T cells of the T zone were unaltered by CD154 deficiency. As expected, germinal centres were not induced. Additionally the T-dependent extrafollicular antibody response, which initially requires T cell help but expands without further T cell involvement, was severely curtailed. The median number of extrafollicular antigen-specific plasma cells was 370-fold lower in CD154-deficient mice. Of these plasma cells the median proportion that had switched to IgG1 was <5%, while in wildtype mice the proportion was 89%. Surprisingly, some CD154-deficient lymph nodes showed substantial switching to IgG1. Commensurately, increases in c1 germline transcripts and Blimp-1 mRNA were observed, albeit significantly lower than in controls, but activation-induced cytidine deaminase mRNA was undetectable in CD154-deficient mice. These experiments demonstrate that the acquisition of some T cell priming characteristics can be CD154-independent; in contrast, T-dependent extrafollicular responses require CD154. Thus functional CD154 ligation during the first encounter of T cells and B cells in the T zone is critical for follicular and extrafollicular antibody responses.
INTRODUCTION
Alum-precipitated protein antigens (Ag) typically induce Th2 responses. Following immunization with such Ag dendritic cells take up and process Ag and mature into Ag-presenting cells as they migrate to the T zones of down-stream secondary lymphoid tissues. 1 The activation of naı¨ve T cells is rapid, as some Ag-specific T cells have already undergone up to six rounds of division 3 days after immunization. Furthermore, by 3 days a proportion of the Ag-specific T cells have been induced to produce IL-4 mRNA. [2] [3] [4] [5] As CD4 T cells are primed to a Th2-inducing Ag they acquire the ability to interact with B cells that have specifically taken up Ag. The primary interaction of primed Th2 cells with B cells in the T zone induces germline transcription of c1 and e immunoglobulin (Ig) H constant region genes. As a consequence of this interaction with T cells, activated B cells can grow either in follicles to form germinal centres or as plasmablasts in the extrafollicular response. 6 The extrafollicular response, in contrast to germinal centre formation, develops in the absence of further interaction with T cells. 7 Thus extrafollicular responses are a key element in T-dependent responses and the site of the extrafollicular response in lymph nodes is the medulla. By day 7 of T-dependent antibody responses to alum-precipitated Ag the extrafollicular response, which generates the earliest antibody, has reached its peak and germinal centre formation is well under way. Thus, by studying the response to T-dependent Ag on day 3 and day 7 of the response features of T cell priming, the extrafollicular response and germinal centre development can be examined.
The early induction of IL-4 production during T cell priming was observed first by Kelso and colleagues. 8 The importance of this early IL-4 synthesis is manifest in mice that either do not produce or cannot respond to IL-4. These mice produce only small germinal centres in response to alum-precipitated Ag and fail to repress the expression of the Th1 regulator T-bet. 3, 5 Thus IL-4 induced during priming is vital for the maintenance of Th2 features. In contrast, the development of the extrafollicular response in these mice is unimpaired, with similar numbers of Ag-specific plasma cells being generated, and furthermore a similar proportion of these plasma cells have switched to IgG1.
Among the key molecules identified as playing a role in the induction and maintenance of T-dependent antibody responses is CD40. This can be expressed constitutively both by B cells and mature dendritic cells. 9 A key ligand to CD40, CD154, 10 is contained within a proportion of primed CD4 T cells and is brought rapidly to the surface on cognate interaction with B cells. 11 Deficiency in this ligand is manifest as a syndrome, both in mice and humans, with selective deficiency in affinity maturation of antibody responses and T-dependent Ig class switching. [12] [13] [14] Germinal centres typically are not induced in CD154-deficient mice and this deficiency is associated with normal or elevated IgM levels. While induction of IgM by T-dependent Ag is impaired in CD154-deficient mice they retain the capacity to mount T cell-independent antibody responses. As such, although CD40 ligation plays a key role in Ig class switching its role in triggering B cells to grow as plasmablasts in T-dependent extrafollicular antibody responses is less clear.
There is a large literature addressing the role of the CD40:CD154 dyad in T cell priming in vivo. The results have shown that the influence of CD154 on T cell priming varies greatly with the way T cells are stimulated, the nature of the antigenic stimulus and whether the response is being studied in its physiological context. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Thus, since IL-4 production can result from T cell priming and affect germinal centre development there is the potential that CD154 ligation may be important for its early induction.
The objective of the present study is to focus on the role of CD154 in the early events during primary lymph node responses to a Th2-inducing Ag. The almost indispensable role of CD154 on germinal centre formation and the resulting T-dependent Ig class switching is amply documented and is not considered in detail in the present study. Rather, the focus is on three early events in the response to a Th2 Ag: (i) the onset and extent of T cell proliferation in the T zone; (ii) the primary induction of IL-4 synthesis and (iii) the induction of extrafollicular B cell growth as plasmablasts in the medullary cords of responding lymph nodes.
MATERIALS AND METHODS

Mice and immunizations
CD154
-⁄ -mice 25 were obtained from colonies maintained in house. There were at least four animals in each group for each time-point. Matched C57 ⁄BL6 mice were used as controls. Alum-precipitated NP-CGG was prepared as described previously. 26 Adult mice were injected into both rear footpads with 20 lg alum-precipitated NP-CGG plus 5 · 10 8 heat-killed Bordetella (B.) pertussis. 2 mg of BrdU was administered intraperitoneally (i.p.) 2 h before sacrifice. 26 Immunohistological reagents, staining and analysis For in situ study of immune responses 5 lm sections were taken from frozen lymph nodes for immunohistology and 2 · 25 lm sections were taken for the preparation of RNA (see below), as described elsewhere. 2 The nodes were orientated so that sections were cut through the cortex, T zone and medulla and maximum diameter sections were selected for staining and cDNA preparation.
Immunohistological reagents and staining were as described earlier. 3 Cells were triple-stained for CD3, IgD and BrdU or double-stained for NP and either IgG1 or IgM. Binding of rat antimouse CD3 (Serotec, Oxford, UK) was detected with biotinylated rabbit antirat antibodies (Dako, High Wycombe, UK), followed by streptavidin ABComplex-alkaline phosphatase (Dako). The bound alkaline phosphatase activity was then detected using naphthol AS-MX phosphate and Fast Blue salt with levamisole. Similarly, NP-binding cells were detected using NP-conjugated sheep IgG and biotinylated rabbit antigoat ⁄sheep antibodies (Dako). Sheep antimouse IgD (The Binding Site, Birmingham, UK) was labelled with peroxidase-labelled donkey antisheep (The Binding Site). Primary rat antimouse IgG1 or IgM were labelled using rabbit antirat peroxidase (Dako). Horseradish peroxidase was detected using diaminobenzidine tetrahydrochloride solution. BrdU incorporated into DNA in cells was made accessible by treatment for 20 min with 1 m HCl at 60°; this treatment also inactivated any alkaline phosphatase activity from the previous stainings, without affecting the previous colour deposition. BrdU was then detected with a mouse antiBrdU (Dako) primary antibody followed by a biotinylated goat antimouse antibody and streptavidin ABComplexalkaline phosphatase (Dako) added. In this case the colour was developed using Tris-buffered saline pH 8AE2 and Fast Red TR salt (Sigma). The area of cut surface of lymph nodes was determined using the point counting technique of Weible.
27
Reverse transcription of mRNA and its relative quantitation by polymerase chain reaction (PCR) RNA and cDNA were prepared as described previously. RNAzol B (Biogenesis, Poole, UK) according to protocol. The RNA pellet was reverse transcribed by standard methods using Moloney murine leukaemia virus reverse transcriptase (Invitrogen, Paisley, UK).
Relative quantitation of specific cDNA species to b-actin message using multiplex PCR and adjustment for section size was performed as described previously. 3 Probes for cytokines and switch transcripts were detected via a 5¢ label with FAM (Applied Biosystems, Warrington, UK), while probes for b-actin were 5¢ labelled with VIC (Applied Biosystems). Sequences for b-actin, IL-4, c1 germline transcripts and c2a germline transcripts have all been described. 3 Sequences for B lymphocyte-induced maturation protein 1 (Blimp-1) were forward: TTTGGAGGATCT GACCCGAAT; reverse: CTCCACCATGGAGGTCA CATC; probe: TGAAGAAATTGAGAGGTTCGACA TCAGCG. Sequences for activation-induced cytidine deaminase (AID) were forward: GTCCGGCTAACCAGA CAACTTC; reverse: GCTTTCAAAATCCCAACATA CGA; probe: ACGAAGTCGATGACTTGCGAGAT GCA. Reaction tubes contained Universal PCR Master Mix (Applied Biosystems), b-actin-specific primers and probe, test gene-specific primers and probe and cDNA template. Reaction conditions were the standard conditions for the TaqMan PCR with 60°annealing temperature but with 45 PCR cycles. The relative signal per cell was quantified by setting thresholds within the logarithmic phase of the PCR for b-actin and the test gene and determining the cycle number at which the threshold was reached (C T ). The C T for the target gene was subtracted from the C T for b-actin. The relative amount was calculated as 2 DCT .
NP-specific antibody enzyme-linked immunosorbent assay (ELISA) Serum IgM and IgG1 antibodies to NP were detected by ELISA. 3 NP conjugated to BSA was coated onto plates at a concentration of 5 lg ⁄ml. Primary antibodies were added and diluted stepwise. Secondary alkaline-phosphataselinked goat antimouse isotype antibodies were added (Southern Biotechnology Associates, AL, USA). Colour was developed using p-nitrophenylphosphate in diethanolamine pH 9AE8 as substrate, and plates read at 405 nm.
Statistical analyses
Statistical analysis was carried out using the MannWhitney non-parametric rank-sum test.
RESULTS
The early proliferation of naı¨ve T cells in the T zone and the induction of IL-4 synthesis are unimpaired in CD154-deficient mice
Wild-type and CD154-deficient mice were immunized in the foot with the Th2 Ag alum-precipitated NP-CGG with heatkilled B. pertussis. To study the T cell proliferative response in the draining popliteal lymph node non-immunized mice and mice immunized 3 or 7 days previously were subject to 2-hr pulses with BrdU. The proportion of T cells in S phase in draining lymph nodes was determined by immunohistology. There was a significant proliferative response by day 3 in both the immunized groups compared to the nonimmunized control mice (Mann-Whitney P < 0AE01). The numbers of CD4 T zone T cells in S phase in the wild-type and CD154-deficient groups were comparable both on day 3 and day 7 (Fig. 1a) .
The induction of IL-4 production was studied by reverse transcription (RT)-PCR on lymph node sections. Previously we have shown that the early IL-4 response in draining lymph nodes of mice immunized in this way is in Ag-specific CD4 T cells. 5 Both wild-type and CD154-deficient mice produced a significant IL-4 mRNA response by day 3 (day 0 versus day 3 levels: P < 0AE001 for wild-type and P < 0AE005 for CD154-deficient mice) and this increase was sustained on day 7 (Fig. 1b) . Once more no significant difference was seen in the levels of IL-4 induction between the wild-type and CD154-deficient mice.
Thus, in these responses the markers of T cell priming, the induction to proliferate and induce IL-4 mRNA occur independently of CD154 ligation.
The induction of the extrafollicular antibody response to NP-CGG is markedly impaired in CD154-deficient mice
In the T-dependent response the extrafollicular plasma cell response is at its peak by day 7.
6 Thus we examined the extrafollicular response at this point to investigate the role played by CD154 ligation in its establishment. Wild-type mice had generated large numbers of NP-specific plasma cells in the medullary cords (Fig. 2a ) and most of these had switched to produce IgG1 (Fig. 2b,c) . This was reflected in the titres of NP-specific antibody in the serum at this time (Fig. 2d) . By contrast, CD154-deficient mice produced small and erratic extrafollicular NP-specific plasma cell responses (Fig. 2a) . The median serum IgM titre on day 7 was one-30th of that seen in wild-type mice and NP-specific IgG1 could not be detected (Fig. 2d) . Despite these findings, immunohistology revealed that some CD154-deficient mice produced small extrafollicular responses. Some of the NP-specific plasma cells generated had switched to express IgG1 (Fig. 2b) . The proportion of NP-specific plasma cells switched to IgG1 was found to be greatest in the nodes with the highest number of NP-specific cells. The two nodes with the most NP-positive cells also had the highest proportion of switched cells. An example of a CD154-deficient lymph node with a high number of switched plasma cells is shown in Fig. 2(c) , right-hand panel. No switched NP-specific IgG2a plasma cells were observed (data not shown). IgG3, an indicator of T-independent Ig class switching, 28 was not detected (data not shown). No non-immunized mice had NP-specific cells.
The production of c1 germline transcripts in response to immunization with alum-precipitated proteins is induced when B cells first encounter primed Ag-specific T cells, 7 and thus offers an approach to study when T cells first interact with B cells. In this model their induction can be detected from day 3 onwards. Deficiency in CD40 ligation was found to profoundly affect the induction of c1 and c2a germline transcripts (Fig. 3) . There was no significant induction of transcripts at day 3 although by day 7 a small but significant increase in c1 germline transcripts was seen (P < 0AE01). Thus, although primed T cells have retained some characteristics of Th2 priming they have lost the capacity to drive B cell maturation from the time of their earliest interaction.
CD154-deficient mice can induce BLIMP-1, but fail to express activation-induced cytidine deaminase (AID) in response to immunization
The identification of Ag-specific IgG1 cells suggested that some B cell maturation occurs in CD154-deficient mice after immunization. Because some plasma cells were induced in the CD154-deficient mice, markers of B cell development were examined. Figure 4 shows that neither wild-type nor CD154-deficient mice induced significant levels of the plasma cell maturation marker B lymphocyteinduced maturation protein 1 (Blimp-1) 29 by day 3, but by day 7 there had been a significant induction of Blimp-1 (day 7 > non-immunized: wild-type mice P < 0AE001 and CD154-deficient mice P < 0AE05). The induction of Blimp-1 was greater in the wild-type mice compared to CD154-deficient mice (P < 0AE002).
Wild-type mice had well-developed germinal centres by day 7, but as expected no germinal centres were detected in CD154-deficient mice (data not shown). Both germinal centre B cells and plasmablasts undergoing switch recombination express AID. 30 Not surprisingly, AID was strongly induced in the wild-type mice by day 7, but essentially no detectable AID mRNA was found before or after immunization in the CD154-deficient mice (Fig. 4b) . In non-immunized CD154-deficient mice the median level of AID expression was more than fivefold lower than in wild-type non-immunized mice. Thus the capacity to induce Blimp-1 is retained, but an absolute requirement for CD154 is required for AID expression.
DISCUSSION
This study has focused on two aspects of the early T-dependent response, the early induction of T cells to proliferate and produce IL-4 mRNA, and their ability to interact with B cells and drive the extrafollicular antibody response. The results show different effects of CD154 loss at different points of the response. The features of T cell proliferation and IL-4 induction were retained, but the capacity to drive plasmablast expansion was lost.
Proliferation of naı¨ve transgenic CD4 T cells in response to Ag can be seen in the T zone by the second day after immunization. 31 Howland et al. 32 reported that CD154 deficiency in naı¨ve T cells carrying an ovalbumin-specific transgenic T cell receptor had only a small impairment in T cell proliferation 3 days after immunization with ovalbumin, while absence of CD28 profoundly affected this response. Deficiency in signalling through OX40 on T cells has been associated paradoxically with increased proliferation during priming in vivo. 33 An earlier study 16 reported that naı¨ve CD154-deficient T cells were able to proliferate to non-specific stimuli to a comparable degree as wild-type T cells ex vivo. In contrast, the level of proliferation seen in Ag-experienced T cells induced to proliferate ex vivo in the presence of Ag was severely impaired. Here, we have looked at T cell proliferation in the T zone where it occurs physiologically in the period immediately following cognate interaction with dendritic cells. Thus, although some T cells may require CD154 to proliferate ex vivo, there are other mechanisms that compensate for its loss in the host. One alternative pathway potentially involved may rely upon the interaction between tumour necrosis factor (TNF)-related activation-induced cytokine (TRANCE) and its ligand receptor activator of nuclear factor kappa B (RANK). This pathway has been shown to be important during priming of T cells in the response of CD40-deficient mice to lymphocytic choriomeningitis virus, 34 which are able to mount effective CD4-mediated responses in the absence of either CD40 or CD154. 35, 36 It has been reported that CD154 is up-regulated after T cell activation 37, 38 suggesting that CD154 may be important after the induction of T cell activation but not necessarily initiating it, possibly by potentiating the Ag-priming capacity of dendritic cells. 39 More severe defects in priming in CD40-deficient mice than in mice lacking CD154 have been described, and this has been attributed to alternative CD40 ligands not expressed by T cells. [40] [41] [42] The present study shows that induction of IL-4 during Th2 priming is independent of CD154 signalling. CD40 ligation in combination with IL-4 can induce IgG1-switched plasma cells in vitro. 43 This IL-4 is critical for the maintenance of the Th2 response by suppressing Th1 characteristics and promoting germinal centre development. 3, 5 This may be the reason for it being a major factor in late primary and memory responses in promoting IgG1-secreting plasma cell expansion. 44, 45 In contrast, IL-4 is not essential for the early extrafollicular plasma cell response that also involves IgG1 switching. 5, 7 As molecules such as IL-4 can exhibit such selective effects it was possible that CD154 may also have a relatively small role in the induction of the extrafollicular response. The present study was designed to test this and shows clearly that CD154 is important. The impairment of induction of B cells to grow as plasmablasts and switch Ig class is due most probably to loss of T cell-mediated ligation of B cell CD40 during cognate interaction of primed T cells with B cells in the T zone during their first encounter. This conclusion is supported by the observed strong impairment in c1 germline transcript production seen on day 3. Furthermore, the interaction between T cells and B cells that enter the extrafollicular response are restricted anatomically to the T zone because T cells are not observed in the medullary cords when the plasmablast population is expanding. 6 Small numbers of NP-specific plasmablasts were generated during the response in CD154-deficient mice. Where this was observed at least some level of directional switching to IgG1 occurred. The absence of concomitant switching to IgG2a or IgG3 argues against the limited bypass of the role of CD40 ligation being mediated by type 1 interferon, 46 or BAFF. 47 These trigger pathways common to those activated by CD40 ligation, but they are associated with indiscriminate switching as opposed to selective switching to IgG1. It is unclear why some CD154-deficient nodes had higher numbers of IgG1 switched cells than others. As the number of plasma cells observed in CD154-deficient lymph nodes was extremely small, random variations in the location of plasma cells in the medulla may have become a factor, and cells may have been missed due to the orientation of the section through the lymph node. Another possibility is bystander activation of cells during the response to environmental antigens.
A formal in vivo requirement of CD154 for the normal expression of AID was demonstrated. AID is expressed in germinal centre B cells and is involved in the class switch recombination events that occur in these sites. 30, 48 In the small numbers of switched plasmablasts seen in CD154-deficient lymph nodes in this study it was possible that AID was expressed but that its expression was too low to be detected by RT-PCR of lymph node sections.
In conclusion, this report confirms that T cell-mediated ligation of CD40 on dendritic cells is not critical for the induction of IL-4 production and has little overall effect on the primary T zone CD4 T cell proliferative response. It has a profound effect on the ability of CD4 T cells to induce B cells that have taken up Ag to proliferate, either as plasmablasts in medullary cords or in follicles to form germinal centres. It is still unclear if these defects in cognate interaction between T and B cells reflects solely the absence of T cell-mediated ligation of CD40 on B cells or in addition influences the way T cells are induced to find those B cells that have bound Ag.
